This paper analyses the effect of penetration of Distributed Generation on the estimation of Fault location in the power distribution systems. A single line to ground fault is considered on a real power distribution system and the estimation of the fault location is carried out using the impedance method which requires the measurement of voltages and currents at one measurement point and the heavy penetration of distributed generation alters these values causing errors in the estimated location. Simulation tests have been carried out for different DG outputs with varying fault impedances. The errors have been found to be more pronounced with larger penetration of DG and with lower values of Fault impedance.
I. INTRODUCTION
The ever increasing demand for power has resulted into evolution of new technologies such as Distributed Generation in recent years. DG, which can be considered to be "taking power to the load", has attracted greater interest worldwide [1] . As the name implies, DG uses smaller-sized generators than does the typical central station plant. DG units are typically connected to the distribution networks at the low or medium voltage levels. Also several power quality issues arise when there are multiple sources. The inclusion of a DG unit will make the power distribution system more complex [2] . The impacts of the inclusion of DG, its location and ratings, like line loss, voltage profile, safety and protection etc have been studied in [3]- [8] .
When a fault occurs in a distribution network, it becomes vital to locate the fault and clear the same, for a better reliability. Many Fault Location Several methods of Fault Location have been developed in the past [9]- [14] . In this paper, the method of impedance as described in [14] is used. The impedance method uses the measured rms value of voltage and current at a specific node, usually the substation. The presence of fault in a distribution system will affect the magnitudes of voltages and currents at the substation. These quantities in the presence of DG will be usually less than those in the absence of the DG. If such quantities are used to fix the location of the fault, there may be errors in such Manuscript estimated fault locations. A typical variation of voltage and currents with respect to the different values of DG and the fault impedance for single phase to ground fault are shown in Fig 1, 2 In the present work, estimation of a fault location is obtained using the measured values of voltage and currents at the substation with DG embedded in to the system. DG ratings and fault locations are varied in order to study the effect of the DG on the fault location.
II. MODEL DEVELOPMENT
The simulation model of a practical distribution system with 55 buses has been considered and the voltages and the currents at the substation are recorded with single line to ground fault with and without DG and also with varying fault impedances. The knowledge of these values along with their phase angles are used to locate the fault. The distribution feeder data is taken from a real database with the consideration that it has one DG point with varying power. The single line diagram of the feeder is shown in Fig.3 along with the location of DG. The real data of the feeder are given in Table I . 
III. FAULT LOCATION USING IMPEDANCE METHOD
The method can be described by considering a single phase to ground fault located between the nodes x and y on a radial system, shown in Fig. 4 . The system consists of a source G and the section between nodes M and N comprise several loads tapped at various points. The fault is situated at F. It is assumed that the fault impedance is completely resistive. The fault location technique consists of six steps. 
A. Location of Apparent Faulted section
By measuring the phasors of the sequence voltages and currents at the substation, the apparent impedance is calculated first at the line terminal and with the knowledge of the line parameters, modified impedance is calculated for every section of the line which is compared with this basic impedance. A preliminary location of the fault is obtained when the modified reactance becomes more than the apparent impedance. For single phase to ground fault, the modified reactance of the line between nodes a and b is calculated as
where X 0ab and X 1ab are the zero and positive sequence reactance of the section of the line between a and b respectively. Once the Faulty section is identified, the following five steps are used to locate the exact location.
B. Modified Radial System
In order to simplify the calculations, all laterals between the node M and the apparent location of the fault are ignored and the loads on laterals beyond this faulty section are considered to be present at the node to which the laterals are connected as shown in Fig. 5 .
C. Load Modeling
The effects of loads are considered by compensating for their currents. Static response type models are used for all loads upto node m and also for a consolidated load at the remote end. For a load at node say R, this model is described by
where V r is the voltage at node R, Y r is the load admittance, G r and B r are constants proportional to the conductance and susceptance respectively and n p and n q are the response constants for the active and reactive of the load.
The constants G and B are estimated from the prefault load voltages and currents and appropriate values of n p and n q . These constants and voltages are used to estimate load admittances and sequence currents during the fault. where s is the per unit distance to node F from node x as shown in Fig 6. B xy and C xy are the impedance and the shunt admittance of the section of the line between x and y respectively.
The sequence voltages and currents at F during the fault are estimated by assuming that all loads beyond node m are consolidated into a single node N.
The sequence voltages and currents at nodes N and F during the fault are related by the following equation 
where K m , K n , K p , K q , K r , K u , K v and K w are complex parameters and are computed using Y n , B xy , C xy , A e , B e , C e and D e respectively.
IV. ESTIMATING THE LOCATION OF THE FAULT
The distance to the fault node F from node x, s, expressed as a fraction of the length from node x and node y, is estimated from the voltage -current relationships at the fault and the resistive nature of the fault impedance. For an A phase to ground fault, where V of , V 1f , V 2f and I 0f , I 1f and I 2f are zero, positive and negative sequence voltages and current phasors at the fault F and R f is the fault resistance..
Equating the imaginary parts of both sides of (7), substituting the values sequence voltages and currents at fault from (3) and (6), neglecting second and higher orders of s and rationalizing, the following equation is obtained.
where K A , K B , K C and K D are complex parameters, which are expressed into real and imaginary parts as
K A = K AR + jK AI , K B = K BR + jK BI K C = K CR + jK CI K A = K DR + jK DI
Rationalizing the resulting equation, neglecting second and higher orders terms in s and rearranging, the following equation is obtained.
An iterative solution of s is obtained using the pre-fault admittance of the consolidated load at node N and some of the above mentioned equations.
V. CONVERTING MULTIPLE ESTIMATES INTO A SINGLE ESTIMATE
The above mentioned Fault Location Technique may provide multiple estimates if the line has laterals. These estimates are collected and comparing with the information from the fault indicators provided in the system, single estimate may be arrived at.
VI. SIMULATION TESTS
A Single Phase Line to Ground Fault (LG) has been considered to analyze the impact of the presence of DG on the location of fault. The DG output is varied and for each of these cases, two different locations of fault are considered. Following assumptions are made for simplicity.
• All sections are assumed to be short in length so that the values of line constants A and D are 1 and the value of C is zero. • Same approximation is also made for the section of the line between the node F and the remote end so that
and C e = 0 • Fault impedance is resistive in nature.
A. Without DG
The faults are located at a distance of (a) 3.23 km and (b) 5.37 km each from the substation. The fault impedance is varied from 0 to 20 ohms. For each of these impedance values, the methodology described in section 3 is employed. For a fault impedance of 10 ohms, in the first case, three different locations of the fault are obtained out of which the location which is far away from the exact location is discarded. The other locations, which are nearer to the exact locations -one at 3.18 km from the substation and the second at 3.27 km. are considered. The second location is the one very close to exact location. Both the estimated locations are shown in Fig. 7 .
The error in the methodology is calculated as % 100
For the above case the error for the location nearest to the actual location is 0.027 %. Similarly the Fault location estimates were obtained for the other case with varying fault impedances. The errors for all the cases are given in Table II . 
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B. With DG
The DG unit is located at a distance of 6.67 km from the substation. The short circuit power of the DG is taken as 5 times the nominal rating of DG for modeling. The simulations are carried out for a single phase to ground fault at distances of 3.23 km and 5.37 km each from substation and the estimations of fault locations were obtained for different values of DG output and with different values of fault impedances in a similar manner as was carried for the case without DG. With fault impedance of 10 ohms and for a DG output of 0.15 pu, the estimated locations of the fault which was located at 3.23 km, are shown in Fig. 8 . The errors in the fault location estimation for both the fault locations are given in Table III   TABLE II: TABLE SHOWING THE % ERRORS WITH VARYING FAULT  IMPEDANCES FOR THE SYSTEM WITHOUT It is observed that the estimations obtained with the presence of DG, produce more error than the estimations which were obtained without the presence of DG. This is mainly because the presence of DG affects the values of the voltage and currents at the substation greatly. The simulations were carried out similarly for other values of fault impedances and for varying values of DG output. The errors in the estimations for all these cases are obtained and the variation of error for a particular location with varying values of DG and with different values of fault impedances is shown in Fig. 9 .
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It is quite clear from the results that the estimated locations of the fault in the presence of DG will be closer than the actual fault locations with the increasing values of DG output thereby increasing the error. This is because the presence of DG changes the value of the apparent reactance as seen by the substation terminal. The errors however show a reducing trend with increasing values of fault impedances. 
VII. CONCLUSION
This paper describes the effect of the penetration of the DG on the estimation of the fault location of the fault in a distribution system. From the simulation of a single line to ground fault, it is observed that the presence of a DG introduces more pronounced error in the estimation of the fault.
The presence of a DG in the distribution system decreases the value of the apparent reactance seen from the main substation. Thus the estimated locations of the fault obtained by using the impedance method will be more nearer than the actual ones thereby increasing the error. 
